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Abstract

Biomolecular condensates formed by liquid-liquid phase separation have been implicated in multiple
diseases. Modulation of condensate dynamics by small molecules has therapeutic potential, but so far,
few condensate modulators have been disclosed. The SARS-CoV-2 nucleocapsid (N) protein forms phase
separated condensates that are hypothesized to play critical roles in viral replication, transcription and
packaging, suggesting that N condensation modulators might have anti-coronavirus activity across
multiple strains and species. Here, we show that N proteins from all seven human coronaviruses (HCoVs)
vary in their tendency to undergo phase separation when expressed in human lung epithelial cells. We
developed a cell-based high-content screening platform and identified small molecules that both promote
and inhibit condensation of SARS-CoV-2 N. Interestingly, these host-targeted small molecules exhibited
condensate-modulatory effects across all HCoV Ns. Some have also been reported to exhibit antiviral
activity against SARS-CoV-2, HCoV-OC43 and HCoV-229E viral infections in cell culture. Our work
reveals that the assembly dynamics of N condensates can be regulated by small molecules with
therapeutic potential. Our approach allows for screening based on viral genome sequences alone and

might enable rapid paths to drug discovery with value for confronting future pandemics.
Introduction

Biomolecular condensates are membraneless organelles formed by liquid-liquid phase separation of
specific RNAs and/or proteins, resulting in their local concentration in a liquid-like compartment distinct
in constituents from the surrounding cytoplasm or nucleoplasm (1-3). Such biomolecular condensates
have been implicated in the formation of signaling complexes, processing bodies, stress granules and
germline bodies (1), where they facilitate the segregation and concentration of factors involved in various
cellular processes. The material properties of condensates are tailored to their functions; dynamic
condensates with mobile constituents enhance biochemical reactions that involve molecular turnover,

whereas more glass-like or solid condensates promote stiffness for structural support (4).

Phase separation and the formation of liquid condensates known as viroplasms or inclusion bodies have
been observed in large groups of viruses such as the Mononegavirales order of non-segmented negative-
strand RNA viruses (5-16) and the Reoviridae family of double-stranded RNA viruses (17-19). The
formation of viroplasms is induced by viral proteins and RNAs expressed during infection and they serve
as organizational hubs for concentration of viral or host factors involved in viral entry, replication, virion
assembly and/or packaging (20). The SARS-CoV-2 nucleocapsid (N) protein drives virion packaging
through RNA-binding and enhances viral transcription and replication at replication and transcription

complexes (RTCs) (21,22). Recent observations that the SARS-CoV-2 N protein forms liquid condensates
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(21,23-29) has raised the possibility that these N condensates may also behave as dynamic viroplasms.

However, whether condensate assembly is a conserved property of HCoV Ns has not been examined.

Macromolecular phase separation is often driven by unstructured regions of proteins, which makes
condensates unconventional for targeting by small molecule drugs. Nevertheless, recent studies
successfully identified small molecules that modulate phase transitions of proteins involved in ALS (30,31)
and respiratory syncytial virus infection (32). These studies, as well the recent founding of condensate-
focused biotechnology companies, has led to an explosion of interest in targeting condensates for drug
discovery, but to date, few active molecules have been disclosed (33-35). In principle, small molecules
could achieve therapeutic activity by inhibiting the assembly of cytotoxic condensates (30,31), or by
promoting condensation, leading to hardening and cessation of essential dynamics (32). Given the
ongoing need for antivirals to confront the COVID-19 pandemic, and the likelihood that similar pandemics
will emerge in the future, we focused on identifying small molecules that perturb SARS-CoV-2 N
condensation, with the hope that some might exhibit broad-spectrum anti-viral activity. We developed a
cell-based high-content screening platform to identify small molecules that either promote or inhibit N
condensation and identified small molecules with condensate-modulating activity. Our results suggest it
may be possible to discover drug-like small molecules that promote and inhibit condensation of many

proteins and RNAs, which will open new paths to drug discovery.
Results
HCoV N condensates are polylC-inducible and exhibit varied material properties

To investigate the condensation behavior of HCoV N proteins, we stably expressed each of the seven
HCoV N proteins fused to a C-terminal EGFP in A549 cells (human lung cancer derived) (Figure 1A).
Western blots confirmed that the expression levels of each of the seven N proteins were similar among
the stably expressing A549 cells (Supplementary Figure 1A). Under control conditions, SARS-CoV, SARS-
CoV-2, HCoV-0OC43 and MERS-CoV N showed diffuse cytoplasmic localization, while HCoV-229E,
HCoV-NL63 and HCoV-HKU1 N formed spherical condensates (henceforth referred to as ‘constitutive’
condensates) of varying numbers (Figures 1A-B). Thus, the tendency to phase separate and condense

varies between N species under these conditions.

Upon transfection of low molecular weight polyinosinic-polycytidylic acid (polylC), a synthetic analog of
dsRNA that mimics viral genome replication intermediates and triggers innate immune pathways, N
condensates formed across all seven HCoV N cell lines (Figures 1A-B). For the species that exhibited
constitutive condensation, the number of condensates increased upon polylC transfection (Figures 1A-

B). Addition of polylC to an A549 cell line stably expressing EGFP alone did not result in condensate
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formation, confirming the essentiality of N for polylC-induced condensate formation (Supplementary
Figure 1B). Across all seven Ns, both constitutive and polylC-induced condensates exhibit flow and
fusion/coalescence over time (Figure 1C; Supplementary Figure 1C), which are behaviors consistent with
liquid-liquid phase separation. We also probed the dynamics of the various N condensates by monitoring
fluorescence recovery after photobleaching (FRAP). PolylC-induced SARS-CoV/SARS-CoV-2/HCoV-
OC43/MERS-CoV N condensates were much more dynamic than constitutive HCoV-229E/HCoV-
NL63/HCoV-HKU1 condensates, exhibiting faster and more complete recovery of fluorescence after
photobleaching (Figure 1D-E; Supplementary Figure 1D). Moreover, polylC-induced HCoV-OC43/MERS-
CoV N condensates displayed faster dynamics than polylC-induced SARS-CoV/SARS-CoV-2 N
condensates (Figure 1E, Supplementary Figure 1D). Overall, the seven HCoV N proteins exhibit varied
basal phase separation propensities with constitutive condensates being less dynamic than polylC-

induced condensates, and in all cases, polylC increased N condensation.

To gain insight into the specific regions of N that contribute to differences in basal phase separation
behavior between species, we expressed ‘domain swap’ mutants of the SARS-CoV-2 and HCoV-229E N
proteins in cells (Supplementary Figure 1E). We observed that individually replacing the SARS-CoV-2 N
protein N-terminal domain (NTD) and central Ser/Arg (SR)-rich linker domains with the equivalent domains
from HCoV-229E N results in a significant increase in basal phase separation propensity, suggesting that
differences in the properties of the NTD and linker domains may explain the varied basal phase separation

between the two N proteins.
High-content phenotypic screening for modulators of SARS-CoV-2 N condensation

We hypothesized that modulating the phase behavior of SARS-CoV-2 N with small molecules may exert
antiviral effects by perturbing the finely tuned dynamics of N condensates required for various stages of
viral replication (Figure 2A). To identify compounds that promote or inhibit condensation of SARS-CoV-2
N, we devised two parallel screens (Figures 2B-C, Supplementary Table 1). Briefly, to identify compounds
that promote N condensation (henceforth referred to as pro-condensers), A549 cells stably expressing
SARS-CoV-2 N-EGFP were treated with 10uM compounds for 24h (Figure 2B). To identify condensate
inhibitors, 17h after compound addition, cells were treated with polylC for 7h (Figure 2C). After fixing and
staining, cells were imaged at 20X magnification and the number of N puncta per cell was scored by
image analysis (Supplementary Figure 2A). Positive control compounds were MS023, a type | protein
arginine methyltransferase inhibitor known to induce N condensation (36), and salvianolic acid B (SalB),
a natural product identified in our pilot screen that robustly inhibited formation of polylC-induced
condensates. The Z’ values for the pro-condensation and condensate inhibition screening modalities

were 0.61 and 0.55 respectively. We performed both screening modalities against an annotated
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compound library comprising 2,082 FDA-compounds and 472 additional bioactive compounds at 10uM
in technical duplicate, with two biological replicates. This was followed by confirmation of compounds in
dose response experiments with both the original screening assay (Supplementary Figure 2A) and

separate follow up experiments with an independent image analysis pipeline (Supplementary Figure 2B).
SARS-CoV-2 N pro-condensation screen identifies GSK3 and proteasome inhibitors

After counter-screening to remove fluorescent artifacts, cytotoxic hits and compounds that act directly
on EGFP, we identified six hit compounds that robustly increase the number of N puncta per cell (Figure
3A-B). These fell into two classes by annotation and follow-up: inhibitors of the proteasomal catalytic core
complex and GSK3 inhibitors. Proteasome inhibition could prevent N turnover, thereby increasing the
concentration of N in cells and promoting its phase separation. However, we also observed an increase
in N nuclear localization upon treatment of cells with the proteasome inhibitors (Supplementary Figure
3A), suggesting that these small molecules may exert modulatory effects on N condensation through
multiple mechanisms. Proteasome inhibition for cancer treatment has toxic side effects which preclude

this target for anti-viral drugs, so this hit class was not pursued further.

We identified one ATP-competitive GSK3 inhibitor (CP21R7) as a pro-condenser hit (Figure 3B).
Autophinib, a second pro-condenser hit originally annotated as a VPS34 ATP-competitive inhibitor of
autophagy, robustly induced N condensation and was later found to be a GSKS inhibitor (see below). We
therefore tested five other ATP-competitive GSKS3 inhibitors (6-BIO, laduviglusib, A1070722, CHIR-98014,
LY2090314) as well as the Mg?*-competitive GSK3 inhibitor lithium chloride (LiCl) and found them to also
induce N condensation, albeit with varying EC50s that spanned several orders of magnitude, with the
most potent compound being LY2090314 (Supplementary Figures 3B-C). Mass spectrometry analysis of
N phosphorylation upon 1uM LY2090314 treatment confirmed inhibition of phosphorylation
predominantly at the start of the SR-rich region of the LKR domain as well as at four other minor
phosphorylation sites within the disordered N- and C-terminal arms and the N-terminal RNA-binding
domain (Supplementary Figure 3D). Conversely, 1uM CP21R7 inhibited phosphorylation of N to a smaller

extent, consistent with the different EC50s and N condensation potencies for these two small molecules.

To test if GSK3 is indeed the relevant target of the pro-condenser compounds, we pursued gain- and
loss-of-function experiments. We observed robust SARS-CoV-2 N condensation when cells were
stimulated with Wnt3a ligand, which activates the Wnt signaling pathway and leads to GSK3 inhibition
(Figure 3C). CRISPR-knockouts of GSK3a/[ recapitulated the effect of inhibitors, with CRISPR-knockouts
of either kinase alone exhibiting a smaller effect than the double knockout (Figure 3D). Finally, site-

directed mutagenesis of the 14 Ser residues within the SR-rich LKR region also recapitulated small
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molecule-induced condensation of N (Supplementary Figure 3E), further validating the on-target activity
of these compounds. These Wnt pathway and genetic data confirm GSK3 as the target of the small
molecule inhibitors and suggest that GSK3a and GSK3 play partially redundant roles in phosphorylating
SARS-CoV-2 N and preventing its condensation, as they do for other proteins that are regulated by GSK3
37).

ATP-competitive GSK3 inhibitors induce pan-HCoV N condensate hardening

GSK3 was previously reported to regulate N from SARS-CoV and SARS-CoV-2 (27,29,38,39), but less
closely related coronaviruses have not been tested. We thus followed up by treating all seven A549 cell
lines expressing N-EGFP from the various human coronaviruses with all seven ATP-competitive GSK3
inhibitors and analyzing N condensation. Robust and reproducible dose dependent N condensation was
observed across all seven Ns (Figure 3E-F, Supplementary Figure 4A-B). These data suggest that
regulation of N condensation by GSKS3 is conserved among HCoVs, even though the sequences of
divergent Ns are only ~25% identical. We also found that treatment of N proteins from the bat
coronaviruses (bat-CoVs) RaTG13, WIV1, HKU4, HKU10 and HKUS8 with the most potent GSKS inhibitor,
LY2090134, induced their phase separation (Supplementary Figure 4C). Overall, our data indicates that
N condensation across all seven HCoVs as well as several bat-CoVs is negatively modulated by GSK3.
However, the sensitivity of different HCoV Ns to the pro-condensation effects of GSKS inhibitors varied
considerably (Figure 3F). For example, HCoV-HKU1 and HCoV-NL63 N were much more sensitive to
compound modulation than SARS-CoV-2 N, with EC50s for all compounds typically being one to two
orders of magnitude lower compared to SARS-CoV-2 N, despite similar N expression levels

(Supplementary Figure 1A).

Dephosphorylation of SARS-CoV-2 N by inhibition of GSK3 is thought to promote N phase transition from
a liquid-like condensate state to a more gel-like, less dynamic state (29). We probed the dynamics of
various HCoV N condensates in the absence or presence of our most potent GSK3 inhibitor LY2090314,
using FRAP. We observed that LY2090314-induced SARS-CoV, SARS-CoV-2, HCoV-OC43 and HCoV-
229E N condensates were less dynamic than their corresponding polylC-induced condensates, with
percentage recovery over two minutes decreasing from 53.3%/50.5%/70.8%/72.1% in the polylC-
treated condition to 6.8%/13.9%/35.6%/5.6% in the LY2090314-treated condition, respectively
(Supplementary Figure 4D). LY2090314 treatment did not result in any statistically significant changes in
percentage recovery for constitutive HCoV-229E, HCoV-NL63 and HCoV-HKU1 condensates, likely
owing to the already slow dynamics of constitutive N condensates. Overall, this suggests that ATP-

competitive GSK3 inhibitors are not only capable of inducing N aggregation from a basal soluble state,
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but also result in hardened N condensates with much slower dynamics compared to polylC-induced N

condensates.

GSKS3 has been considered as a therapeutic target for treatment of coronavirus infections (38-41), but a
concern is possible toxicity. For GSK3-targeting inhibitors, the most relevant host pathway to consider
for safety is canonical Wnt signaling through B-catenin, which is activated by GSK3 inhibition (42). This
can drive hyperproliferation of epithelial cells in the gut, which is considered a negative safety signal (43).
As a preliminary indicator of therapeutic index, we compared the inhibitor EC50 values obtained in our N
condensation assays to EC50s for Wnt pathway activation. In addition to the ATP-competitive GSK3
inhibitors listed above, we also tested two non-ATP competitive inhibitors (tideglusib, TDZD-8), of which
tideglusib has been shown to not activate B-catenin signaling (44). We found a correlation between the
EC50s for N condensation and Wnt signaling activation (via B-catenin activation) for the ATP-competitive
inhibitors, with more potent pro-condensation GSKS3 inhibitors such as LY2090314 also activating Wnt
signaling at lower concentrations (Figure 3F, right). Conversely, the non-ATP competitive inhibitors were
inactive on both assays (Figure 3F; Supplementary Figure 4A). These data suggest that for HCoVs like
SARS-CoV-2, it will be difficult to separate the safety risk of Wnt signaling activation from N modulation,
since inhibitor concentrations required for N modulation would also activate Wnt signaling. However,
therapeutic modulation of N condensation may be viable in the case of HCoVs whose Ns are unusually
sensitive to GSK3 inhibition, such as HCoV-NL63 and HCoV-HKU1, where drug exposure below the

threshold for activating Wnt signaling might be anti-viral.
SARS-CoV-2 N condensate inhibitor screen identifies compounds that inhibit the polylC input

Our condensation inhibition screen probed the same compound library. After counter-screening, we
identified four hit compounds that robustly reduced the number of polylC-induced N puncta per cell.
These included three compounds annotated as Bcr-Abl/Src inhibitors (bosutinib, ponatinib and

olverembatinib) as well as a plant-derived polyphenol, salvianolic acid B (SalB) (Figures 4A-B).

To test if these compounds act directly on N itself, or indirectly via a host factor, we tested whether they
inhibited two endogenous pathways that are induced by transfection of polylC, in particular, stress
granule (SG) formation and IRF3 translocation into the nucleus triggered by RIG-I and related viral RNA
sensors. Both pathways were measured using cell-based high content assays. At high concentrations,
the three annotated kinase inhibitors (bosutinib, ponatinib and olverembatinib) inhibited SG formation
triggered by polyIC or arsenite, as well as IRF3 nuclear localization triggered by polylC or cGAMP (Figure
4C, Supplementary Figure 5A). These data suggest action by polypharmacology. Bosutinib exhibited

more potent activity against polylC-triggered IRF3 translocation, suggesting a possibly interesting off-
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target activity on that pathway. We also tested two other Bcr-Abl kinase inhibitors (nilotinib, imatinib) and
two other Src kinase inhibitors (saracatinib, PP2) in our assay. None of the compounds resulted in robust
dose-dependent inhibition of polylC-induced N condensation (Supplementary Figure 5B), suggesting that
the relevant target(s) may not be Abl or Src family kinases. Interestingly, treatment with nilotinib instead
resulted in an increase in N condensation, suggesting an additional possible off-target N condensation
mechanism. The polyphenol SalB was more specific, inhibiting only polylC-induced SG formation and
IRF3 nuclear localization (Figure 4C, Supplementary Figure 5A). Thus, all the condensate inhibitors act
against the polylC input into the assay, presumably by inhibiting host factors required for polylC signaling.
We suspect the kinase inhibitors block the polylC input via kinase inhibition, but likely not by inhibition of

their annotated primary targets Abl or Src.

We next sought to determine the species-specificity of the four active condensate inhibitors (bosutinib,
ponatinib, olverembatinib, SalB). All four compounds also showed significant suppression of polylC-
induced  SARS-CoV/SARS-CoV-2/HCoV-OC43/MERS-CoV N  condensation  (Figure  4D-E,
Supplementary Figure 5C). However, we did not observe significant inhibition of the formation of
constitutive HCoV-229E/HCoV-NL63/HCoV-HKU1 N condensates (Supplementary Figure 5D), further
demonstrating that the activity of the condensate inhibitors is polylC-dependent. No conclusive inhibition
of polylC-induced N condensates could be determined for HCoV-229E/HCoV-NL63/HCoV-HKU1 owing
to the relatively small difference in number of N puncta per cell between the polylC-induced state and

basal condensation state (Supplementary Figure 5E).

Condensate formation and anti-viral activity.

The library we screened contains approved drugs and well-annotated tool compounds. Similar libraries
have been screened by multiple groups for antiviral activity against HCoVs (45-50). Several of the GSK3,
Src/Abl and proteasome inhibitors we identified as N condensation modulators were previously shown to
have antiviral activity. The published data cover several HCoV species and several different cell lines
(Figure 5A). In addition, for several of the GSKS3 inhibitors, published antiviral IC50s showed correlation
with the N condensation EC50s determined here; notably, the most potent pro-condenser compound
LY2090314 also exhibits antiviral activity against HCoV-229E at low inhibitor concentrations (Figure 5B).
This suggests that possible on-target activity on N condensation may be responsible for the antiviral
activity of the GSKS inhibitors, and that small molecule modulation of N condensation can exert antiviral

activity.

Discussion
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Biomolecular condensates play a role in cellular processes such as embryonic development, stress
response and pathological aggregation of proteins, and are also critical for various stages of viral
replication. In this study, we show that (1) N condensation is a common phenomenon across all seven
HCoVs, and (2) small molecules can promote or inhibit N condensation via perturbation of host targets,
and this activity tends to be common across N proteins from all HCoV species tested (Figure 5C). Several
of these small molecules are also active against multiple HCoV infection models. These data show that
perturbation of viral condensate dynamics via host factors has the potential to generate drugs with
antiviral activity across multiple viral species, including new pandemic species. Our approach also
illustrates that cell-based screens using viral genes can predict potential anti-viral activity of small

molecules without requiring access to whole virus infection models.

Our high content screens identified small molecule inhibitors of GSK3 that tune both the fraction of
condensed N protein as well as the dynamics of N condensates. GSK3 has previously been proposed as
a HCoV target (39-41). Our work reveals its pan-HCoV potential, but also highlights the safety risk
associated with Wnt pathway activation. GSK3 is an abundant, constitutively active Ser/Thr kinase that
phosphorylates a wide range of pre-primed substrates (51) and has previously been shown to
phosphorylate both SARS-CoV and SARS-CoV-2 N along its SR-rich LKR region (27,29,38). In this study,
we show that GSKS inhibitors exhibit the same condensate modulating effects across all seven HCoV
and five bat-CoV N proteins. These condensate-hardening inhibitors likely inhibit viral replication through
on-target induction of N condensation/aggregation. In addition, several others have also demonstrated
that GSK3 inhibitors are antiviral against various HCoVs (38,39,45,47). This further promotes GSK3 as
candidate target for development of multi-CoV anti-virals and illustrates one of the major benefits of host-
targeting to achieve broad-spectrum anti-viral activity (in addition to reduced risk of resistance
development). However, as with any host target, a key concern is therapeutic index and toxicity due to
perturbation of host pathways that depend on the target, in this case potentially oncogenic B-catenin
signaling. For the HCoVs whose Ns are much more sensitive to compound modulation such as HCoV-
NL63, it could be that anti-viral activity can be achieved with minimal activation of B-catenin signaling in
live virus infection models. In addition, a follow-up would be to investigate the molecular basis behind the
difference in sensitivity of various Ns to compound modulation, for example by determining if
dephosphorylation occurs at lower concentrations of GSK3 inhibitors for more sensitive N proteins, or if
these N proteins dephosphorylate at similar concentrations of inhibitor but require a lower degree of
dephosphorylation to condense. Condensate targets offer novel avenues for optimization chemistry,
notably the potential to increase on-target activity by partitioning of the drug into the condensate (52).
Since viral and host condensates have different compositions, this effect should enable improvement of

selectivity. We compared EC50 values for nine GSKS3 inhibitors in N condensate versus Wnt activation
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assays and found no compounds that were notably selective for the viral pathway over the host pathway
(Figure 3F). Testing a larger library of GSK inhibitors, or a focused medicinal chemistry effort, might tease

out selectivity between these pathways.

The N condensate inhibitors we identified appear to target the polylC input to N condensation, as
evidenced by their ability to block induction of polylC-induced IRF3 translocation and SG assembly. A
potentially causal relationship between SG induction and SARS-CoV-2 N condensation has been shown
by others (21,53). The three kinase inhibitors we identified (bosutinib, ponatinib and olverembatinib) are
annotated as targeting Bcr-Abl and Src. However, our investigation of additional potent Bcr-Abl and Src
inhibitors failed to support this hypothesis. We currently suspect their activities, especially at
concentrations of 1uM and higher, may be due to polypharmacology that could be resolved by kinase

activity profiling and additional SAR.

The polyphenolic natural product SalB represents a class of compounds that has a broad range of
biological effects and are considered not promising starts for medicinal chemistry. SalB selectively blocks
polylC input at some stage as evidenced by its inhibition of only polylC-induced IRF3 activation and SG
formation. However, its polypharmacology raises the possibility that it may also act directly on N by
physically inhibiting N-RNA or general RNA-protein interactions. It was shown in a previous study that
another polyphenol natural product, (-)-gallocatechin gallate, is able to disrupt SARS-CoV-2 N
condensation through direct interference of N-RNA binding (54). Taken together, the condensate
inhibitors demonstrate that small molecules are capable of disrupting liquid-liquid phase separation of

HCoV N proteins through varied mechanisms.

The use of the FDA approved library that has been screened several times for anti-viral activity allows us
to see a potential correlation with condensate formation and virus infectivity. However, one of the
limitations of screening with an annotated FDA-approved library is the lack of diversity in pharmacological
targets. Screening a larger, more chemically diverse compound library is a natural next step for our
approach. Additionally, while our primary goal in screening for modulators of HCoV N condensates was
to identify targets for treating COVID-19 and other HCoV infections, our approach is also relevant to other
diseases where ribonucleoprotein (RNP) aggregates have been causally implicated. Neurological
diseases such as Huntington’s disease, spinocerebellar ataxia and Fragile X syndrome arise from
nucleotide repeat expansions in non-coding RNA that give rise to pathological nuclear RNP granules (55).
Similarly, pathological cytoplasmic RNP inclusions of mutant variants of the Fused in Sarcoma (FUS)
protein are the hallmark of ALS (56-58). In addition to its role in virus infections, double-stranded RNA
signaling may also underly neurodegeneration caused by the CO9ORF72 locus (59). Taken together, the

ability to screen for condensate dynamics as a therapeutic target supports the value of moving forward
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with larger more diverse compound libraries to reveal novel condensate biology in both viral infections as

well as in other indications such as neurological diseases.
Materials and Methods
Cell lines and cell culture

HEK293T/17 (CRL-11268) and A549 (CCL-185) cells were purchased from ATCC. BJ-5ta AcGAS cells
were obtained from Dr. Tai L. Ng (Harvard Medical School). HEK293T/17 cells and BJ-5ta AcGAS cells
were maintained in Dulbecco’s Modified Eagle Medium (DMEM; ATCC 30-2002) supplemented with 10%
fetal bovine serum (FBS; Gibco 10438026), 1,000U/mL penicillin-streptomycin (Gibco 15140122) and
100pg/mL normocin (Invivogen ant-nr-1). Wild-type A549 cells were maintained in F-12K medium (ATCC
30-2004) supplemented with 10% FBS, 1,000U/mL penicillin-streptomycin and 100ug/mL normocin or
DMEM supplemented with 10% FBS. A549 stable cell lines expressing various HCoV N-EGFP were
maintained in full F-12K culture medium with 1.5pg/mL puromycin (Gibco A1113803). Cells were
maintained at 37°C and 5% CO. in a humidified environment and subcultured twice a week by DPBS
washing (Gibco 14190250) followed by trypsinization (Corning MT25053Cl) from 90% to 20% confluence.

Plasmid construct generation

The pHAGE lentiviral plasmid encoding SARS-CoV-2 N-EGFP was obtained from Dr. Adrian Salic
(Harvard Medical School). Plasmid vectors containing SARS-CoV, HCoV-0OC43, HCoV-229E, HCoV-NL63,
HCoV-HKU1 and MERS-CoV N sequences were obtained from Dr. Tai L. Ng (Harvard Medical School).
pHAGE lentiviral plasmids encoding the six other HCoV N-EGFP were generated by replacing SARS-
CoV-2 N with the respective HCoV N sequences by PCR (New England Biolabs M0492S) and NEBuilder
HiFi DNA Assembly (New England Biolabs E2621S). Oligonucleotides used for PCR were obtained from
Genewiz, and plasmids were verified by Sanger sequencing at Genewiz. The pHAGE plasmid encoding
SARS-CoV-2 N$A™'-EGFP was synthesized by Twist.

Stable A549 cell line generation

Stable A549 cell lines expressing the seven HCoV N-EGFP were generated by lentiviral transduction
followed by 1.5ug/mL puromycin selection. 12ug of each pHAGE lentiviral construct encoding the various
HCoV N-EGFP were co-transfected with 18ug of the psPAX2 (Addgene #12260) and 6ug of the pMD2.G
(Addgene #12259) 2" generation lentiviral packaging plasmids into HEK293T/17 cells at 70% confluency
in T75 flasks with Lipofectamine3000 (Invitrogen L3000015). After 6-24h, transfection medium was
removed and replaced with full DMEM. Culture medium containing lentivirus was collected after a

subsequent 24h and 48h and combined. Virus-containing medium was centrifuged at 400xg for 5 min to
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pellet cell debris before filtering through a 0.45um Durapore PVDF membrane Steriflip (Millipore
SE1M003MO00). 4X Lenti-X Concentrator (TaKaRa 631232) was then added to the filtered virus-containing
medium, incubated at 4°C for 1h, then centrifuged at 1,500xg for 45 min. After centrifugation, the
supernatant was removed and the virus pellet was resuspended in 1/10™ the original volume of harvested
supernatant, in complete medium without antibiotics. Two days before transduction, 250,000 A549 cells
were plated in each well of a 6-well plate, and transductions were performed by replacing wells with
1.5mL of concentrated virus, 0.4mL of 10X polybrene (Millipore TR-1003-G) and 2.1mL of complete
medium without antibiotics. Cells were incubated for 36-48h before virus removal and expansion into
1.5pg/mL puromycin-containing selection medium. After selection recovery, stable pools of cells were
analyzed by qualitative fluorescence microscopy and expanded for liquid nitrogen storage in 90% FBS,
10% DMSO.

SDS-PAGE and western blots

Cells were seeded at 10,000 cells/well in 96-well plates and treated accordingly. Cells were washed once
with ice-cold PBS, then lysed in 50pL ice-cold lysis buffer comprising 256mM Tris-HCI pH7.4, 150mM
NaCl, 1% Triton X-100 (Millipore X100), 1X Halt protease inhibitor (Thermo Scientific 87785) and 1U/uL
Benzonase (Millipore E1014). Samples were boiled with an equal volume of 2X Laemmli sample buffer
(Bio-Rad 1610737) containing B-mercaptoethanol for 10 min before running on an SDS-PAGE gel
(Invitrogen XP10205BOX). Gels were transferred onto nitrocellulose membranes using the iBlot 2 Dry
Blotting System (Invitrogen IB23002) and blocked in SuperBlock™ (TBS) Blocking Buffer (Thermo
Scientific 37535) for 1h at RTP. Primary antibodies (HRP anti-GFP antibody [Abcam ab190584]; rabbit
anti-GSK3a antibody [Cell Signaling Technology 4818S]; rabbit anti-GSK3p antibody [Cell Signaling
Technology 9315S]) were diluted in Pierce™ Protein-Free T20 (TBS) Blocking Buffer (Thermo Scientific
37571) as recommended and incubated overnight at 4°C, shaking. Membranes were then washed thrice
with TBS + 0.2% Tween-20. For HRP anti-GFP antibody samples, membranes were treated with
SuperSignal™ West Femto Maximum Sensitivity Substrate (Thermo Scientific 34095) before visualization
with a Bio-Rad imager. For all other antibodies, membranes were incubated with goat anti-Rabbit IgG
(H+L) Secondary Antibody, DyLight™ 680 (Invitrogen 35568) diluted in Pierce™ Protein-Free T20 (TBS)
Blocking Buffer (Thermo Scientific 37571) as recommended for 1h at RTP. Membranes were then washed

again thrice with TBS + 0.2% Tween-20 before visualization with a Bio-Rad imager.
Fluorescence microscopy
For qualitative confocal fluorescence imaging, cells were imaged with a Nikon Ti fluorescence microscope

equipped with a Yokogawa CSU-W1 spinning disk confocal scanner, Nikon LUN-F XL solid state laser
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combiner, Hamamatsu ORCA-Fusion BT CMOS camera, motorized stage and shutters and Lumencor
SOLA fluorescence light source. Cells were seeded in 24-well or 96-well high performance #1.5 cover
glass bottom plates (Cellvis P24-1.5H-N; P96-1.5H-N) at 100,000 or 10,000 cells/well in full medium
without antibiotics and were typically imaged 24-48h after seeding. N-EGFP was imaged with a 488nm
laser and ET525/50m filter (Chroma), while Hoechst staining was imaged with a 405nm laser and
ET455/50m filter (Chroma). For qualitative widefield fluorescence imaging, cells were imaged with a Nikon
Ti2 fluorescence microscope equipped with a Hamamatsu Flash 4.0 LT camera and a SOLA fluorescence
light source. Cells were seeded in 96-well black wall, clear bottom plates (Corning 9603) at 10,000
cells/well in full medium without antibiotics and were typically imaged 24-48h after seeding. N-EGFP was

imaged with a 466/40 excitation filter and a 525/50 emission filter.
Fluorescence recovery after photobleaching (FRAP)

FRAP experiments were performed on a DeltaVision OMX Blaze microscope equipped with a 60x/1.42
Plan Apo oil objective (Olympus), a 488nm laser and a PCO edge Front llluminated sCMOS camera. N-
EGFP was imaged with an LED, 477/32nm bandpass filter and 528/48nm emission filter. Bleaching of N-
EGFP was performed with a 488nm laser. For each experimental sample, seven condensates were
bleached within a circular region of about 1.2 pm diameter at 31.3% laser transmission for 50 ms. A total
of 120 frames were recorded at one frame per 2s, for a total of 2 min (two frames recorded prior to bleach
event, followed by 117 subsequent post-bleach frames). Images were processed in FIJI software (NIH).
The fluorescence intensity of a 0.32 ym-diameter circular region of interest (ROI) within the bleached spot
was monitored over time (lpieached). The fluorescence intensity within the same ROI pre-bleaching (lpre-bieach)
and immediately post-bleaching (lpost-bieach) Were also recorded. The fluorescence intensity of a separate
rectangular ROI of 2.72 ym diameter away from one bleached ROI per sample was monitored over time
(Ivackground)- The FRAP recovery intensities at any given time point (l) were calculated as follows:

I = Ibleached - Ibackground
;=

Ipre—bleached
The curves obtained were then normalized as follows:

It - Ipost—bleach

Normalization =
1- Ipost—bleach

The mean and standard deviation of the final normalized values were plotted for seven condensates per
experimental condition, and the final normalized recovery value was taken as the percentage recovery for

each condition.
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High content compound screening and follow-up experiments

The primary screen was performed at AbbVie as follows. Briefly, cells were seeded in Perkin EImer LLC
ViewPlate-384 well black, optically clear bottom plates at 2,000 cells/well and incubated overnight. The
Selleck compound library (2,554 compounds) was added at a final concentration of 10uM and incubated
overnight on duplicate plates. Plates for the condensate inhibition screen were additionally transfected
with a final concentration of 1ug/mL polylC 17h after compound addition to induce N condensation and
incubated for a further 7 hours. All plates for both the pro-condensation and condensation inhibition
screens were fixed with 3% formaldehyde and nuclei stained with Hoechst 33342 for nuclear identification.
Plates were scanned on the Thermo Fisher CX7 LZR using a 20x objective and widefield imaging mode.
Nuclei staining was imaged with the 405LZR_BGFR_BGFR filter. GFP was imaged with the
488LZR_BGFR_BGFR filter. Images were analyzed with automatic image analysis as described below.

The Z’ for both the pro-condensation and condensation inhibition assays were calculated as follows:

_ 3(o'pos + Gneg)

Z' =
|Aupos + .uneg|

where 0p0s = SD of positive control, 0..g = SD of negative control (DMSO), ppes = mean of positive control,
Mneg = Mean of negative control (DMSO). For visualization of screening data (Figures 3A and 4A), % activity
compared to DMSO control was calculated as follows:

(cMax — experimental)

% activity = (cMax — cMin) X 100

For the pro-condensation screen, cMax = mean number of puncta per cell for positive control MS023 and
cMin = mean number of puncta per cell for negative control DMSO. For the condensation inhibition screen,
cMax = mean number of puncta per cell for negative control DMSO and cMin = mean number of puncta

per cell for positive control salvianolic acid B.

Follow-up experiments with hit compounds across all seven HCoV N-expressing A549 cell lines were
performed at Harvard Medical School as above with slight modifications. All hit compounds were re-
purchased for testing (see compound table below). Cells were seeded in 384-well PerkinElmer
PhenoPlate 384-well black plates (PerkinElmer; 6057302) at 2,500 cells/well with the Thermo Multidrop™
Combi reagent dispenser and drugs were added in dose-response format with the HP D300e digital
dispenser. After fixation and staining with 1ug/mL Hoechst 33342 (Thermo Scientific 62249) and 5ug/mL
CellMask™ Deep Red Plasma membrane Stain (Invitrogen C10046), plates were were imaged with
MetaXpress (version 6.7) on a Molecular Devices ImageXpress Micro Confocal Laser (IXM-C LZR)

microscope equipped with a spinning disk confocal scanner, a high-quantum efficiency sCMOS detection
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camera and a Lumencor Celesta light engine. Cells were seeded in 96-well high performance #1.5 cover
glass bottom plates (Cellvis P96-1.5H-N) or 384-well PerkinElmer PhenoPlate 384-well black plates
(PerkinElmer 6057302) at 10,000 or 2,500 cells/well in full medium without antibiotics. Specimens were
sampled with a 40x/0.95 air objective lens (Nikon) at a pixel size of 0.16um/pixel. N-EGFP was imaged
with a 477nm laser, 488nm dichroic filter and 520/25nm emission filter, while samples stained for
immunofluorescence were imaged with a 546nm laser, 593nm dichroic filter and 624/40nm emission filter.
Hoechst staining was imaged with a 405nm laser, 421nm dichroic filter and 452/45nm emission filter,
while CellMask™ Deep Red Plasma membrane staining was imaged with a 638nm laser, 656nm dichroic
filter and 692/40nm emission filter. All images were processed in FIJI software (NIH) and analyzed with

automatic image analysis as described below.
Automatic image analysis

Image analysis for the primary screen as well as follow-up experiments were performed at AbbVie and
HMS respectively with independent image analysis pipelines that demonstrated highly reproducible
results. At AbbVie, image analysis was performed using SpotDetector.V4 algorithm and is summarized in
Supplementary Figure 2A. The output feature SpotCountPerObject was used to evaluate the changes in
N protein aggregation in both screens. Compounds that showed activity greater than two standard
deviations from the mean based on control % activity were selected. After visual inspection to remove
artifacts and false positives, 25 pro-condensation and 44 condensate inhibiting compounds were tested
using six-point CRC using the same assays described above. Six pro-condensers and four condensate
inhibitors confirmed with EC50/IC50 and were identified as hits. At Harvard Medical School, image
analysis for follow-up experiments was performed with Molecular Devices MetaXpress software with
customized image analysis pipelines for quantification of N puncta and is summarized in Supplementary
Figure 2B. For quantification of N puncta upon treatment with the pro-condensation proteasome inhibitors,
thresholds for the image analysis pipeline were modified slightly to enable more robust and accurate
identification of smaller and dimmer puncta. For dose response experiments, mean values were fit with a

three-parameter curve in Prism (GraphPad 9).
Mass spectrometry

For detection of N phosphorylation states, A549 SARS-CoV-2 N-EGFP cells were seeded in T-25 flasks
at 40% confluency overnight before treatment with DMSO, 1uM LY2090314 or 1uM CP21R7 for a further
24h. Cells were then lysed with ice cold RIPA lysis buffer (supplemented with NaCl to a final concentration
of 300mM) + 1X Halt protease and phosphatase inhibitor for 10min at 4°C. Cell lysates were then

subjected to immunoprecipitation with GFP Selector resin (NanoTag Biotechnologies NO310-L) according

15


https://doi.org/10.1101/2022.12.05.519191
http://creativecommons.org/licenses/by-nc-nd/4.0/

466
467
468
469
470

471

472
473
474
475
476
477
478
479

480

481
482
483
484
485
486
487
488
489

490
491

492
493
494
495
496

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.05.519191; this version posted December 6, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

to manufacturer’s protocol. After the final wash, the resin containing sample was resuspended in 50uL
wash buffer before addition of 50uL 2X Laemmli sample buffer and subjected to SDS-PAGE. Gel bands
were excised and submitted for mass spectrometry analysis at the Taplin Mass Spectrometry facility in
Harvard Medical School (60). Data presented indicates percentage of each peptide that is phosphorylated

as determined by peak intensity values.

Generation of A549 SARS-CoV-2 N-EGFP GSK3a, GSK3p and GSK3a/p CRISPR knockout cells

Stable A549 SARS-CoV-2 N-EGFP GSK3a, GSK3p and GSK3a/ knockout cell lines were generated by
lentiviral transduction of lentiCas9-Blast and GSK3a and/or GSK3pB gRNAs followed by 1.5ug/mL
puromycin and 10pg/mL blasticidin selection. lentiCas9-Blast was a gift from Feng Zhang (Addgene
plasmid #52962) (61), while all GSK3a, GSK3 and non-targeting control gRNAs were a gift from John
Doench & David Root (Addgene plasmids #77281, #77282, #77283, #76370, #76371, #76372, #80248,
#80263) (62). Lentiviral pools containing GSK3a, GSK3 and non-targeting control gRNAs were generated
as described earlier and transduced into the A549 SARS-CoV-2 N-EGFP cell line. After selection recovery,

stable pools of cells were analyzed by quantitative fluorescence microscopy.

Wnt pathway reporter assay

Mouse embryonic fibroblasts (MEFs) cells stably expressing a firefly luciferase gene under the control of
TCF/LEF response element and Renilla luciferase under the control of a constitutive promoter were used
to measure Wnt pathway activation (63). Cells were plated in 96-well plates and grown to confluence for
24h, and then treated in triplicate with the indicated GSKS3 inhibitors in serum-free DMEM for 24 h.
Luminescence was measured from cell lysates using the Dual-Glo Luciferase Assay System (Promega
E1910) in a Victor3 Multilabel Plate Reader (Perkin-Elmer). Relative luciferase is represented as mean
Firefly/Renilla ratio, with error bars representing standard deviation. Experiments were performed in dose
response format, and mean values were fit with a four-parameter curve in Prism (GraphPad 9) to obtain
EC50 values.

Immunofluorescence staining for quantification of IRF3 nuclear/cytoplasmic ratios and SG

formation

Cells were seeded in 384-well PerkinElmer PhenoPlate 384-well black plates (PerkinElmer 6057302) at
2,500 cells/well. To observe the effect of compounds on IRF3 activation and nuclear translocation,
A549/BJ-5ta AcGAS cells were treated with compounds for a total of 17h/22h before addition of 1pg/mL
transfected polylC/100ug/mL cGAMP for an additional 7h/2h respectively. To observe the effect of

compounds on stress granule formation, A549 cells were treated with compounds for a total of 17h/23h

16


https://doi.org/10.1101/2022.12.05.519191
http://creativecommons.org/licenses/by-nc-nd/4.0/

497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514

515

516
517
518

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.05.519191; this version posted December 6, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

before addition of 1ug/mL transfected polylC/0.5mM NaAsQO; for an additional 7h/1h respectively. Cells
were then fixed with 4% paraformaldehyde for 20 min, washed thrice with 1X PBS and blocked in PBS +
0.1% Triton X-100 (Sigma-Aldrich X100) + 5% bovine serum albumin for 1h at RTP. Plates were then
incubated overnight at 4°C with primary antibodies (rabbit anti-IRF3 antibody [Cell Signaling Technology
11904S]; rabbit anti-G3BP1 antibody [Abcam ab181149]) diluted in PBS + 0.1% Triton X-100 (Sigma-
Aldrich X100) + 1% bovine serum albumin at recommended concentrations. Plates were washed thrice
with 1X PBS before incubation with goat anti-Mouse IgG (H+L) Cross-Adsorbed Secondary Antibody,
Alexa Fluor™ 568 (Invitrogen A-11004), 1ug/mL Hoechst 33342 and 5ug/mL CellMask™ Deep Red
Plasma membrane Stain in the same dilution buffer for 1h at RTP. Plates were washed thrice again with
1X PBS before imaging with the IXM-C LZR as described earlier. Image analysis was performed with
Molecular Devices MetaXpress software with customized image analysis pipelines for quantification of
nuclear/cytoplasmic ratios of IRF3 and quantification of G3BP1 puncta. Briefly, for quantification of
nuclear/cytoplasmic ratios of IRF3, nuclei and cytoplasm areas were defined by Hoechst and CellMask
staining respectively, and the ratio of the average fluorescence intensity of IRF3 in the nucleus to
cytoplasm was determined (total integrated intensity divided by total area) for each cell. For quantification
of G3BP1 puncta, a customized pipeline similar to that utilized for N puncta quantification was used. Data
for ponatinib and olverembatinib is presented up to 5uM concentration due to slight compound toxicity

affecting the quality of image analysis.

Compounds/stimuli for follow up experiments

All hit compounds were re-purchased for follow up experiments and validation at Harvard Medical School.
Sources of all compounds used in this paper are shown in the table below. Sources of LiCl and Wnt3a

ligand used in this paper are also indicated below.

Compound/stimuli Source Catalog no. | Format

CP21R7 MedChemExpress | HY-100207 10mM in 1TmL DMSO
Autophinib MedChemExpress | HY-101920 10mM in 1TmL DMSO
Bortezomib MedChemExpress | HY-10227 10mM in 1TmL DMSO
Carfilzomib MedChemExpress | HY-10455 10mM in TmL DMSO
Ixazomib citrate MedChemExpress | HY-10452 10mM in 1TmL DMSO
Oprozomib MedChemExpress | HY-12113 10mM in 1TmL DMSO
6-BIO MedChemExpress | HY-10580 10mM in TmL DMSO
Laduviglusib MedChemExpress | HY-10182 10mM in 1mL DMSO
A1070722 MedChemExpress | HY-107531 10mM in 1TmL DMSO
CHIR-98014 MedChemExpress | HY-13076 10mM in TmL DMSO
LY2090314 MedChemExpress | HY-16294 10mM in 1TmL DMSO
Tideglusib MedChemExpress | HY-14872 10mM in 1mL DMSO
TDZD-8 MedChemExpress | HY-11012 10mM in 1TmL DMSO
Bosutinib MedChemExpress | HY-10158 10mM in 1TmL DMSO
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Olverembatinib dimesylate MedChemExpress | HY-15666A | 10mM in 1mL DMSO
Ponatinib MedChemExpress | HY-12047 10mM in 1TmL DMSO
Salvianolic acid B MedChemExpress | HY-N1362 5mg

Imatinib MedChemExpress | HY-15463 10mM in 1TmL DMSO
Saracatinib MedChemExpress | HY-10234 10mM in 1TmL DMSO
PP2 MedChemExpress | HY-13805 10mM in 1TmL DMSO
LiCl Sigma-Aldrich L9650 100g

Recombinant mouse Wnt3a | R&D Systems 1324-WN- 10ug

(carrier-free) 010/CF
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FIGURE 1 - HCoV N proteins phase separate in a polylC-inducible manner.

(A) Fluorescence images of A549 cells stably expressing the N protein from seven HCoVs. For all seven
cell lines, N condensates can be induced with 1ug/mL transfected polylC for 7h. Images taken at 40x
air magnification, confocal. Scale bar, 10 pm. SARS1, SARS-CoV; SARS2, SARS-CoV-2; OC43,
HCoV-0C43; 229E, HCoV-229E; NL63, HCoV-NL63; HKU1, HCoV-HKU1; MERS, MERS-CoV.

(B) Quantification of number of N condensates per cell for each of the seven cell lines. Data indicates
mean + standard deviation of duplicate experiments.

(C) Time-lapse imaging showing polylC-induced SARS-CoV-2 and constitutive HCoV-229E N
condensate fusion events over time. Dotted circles highlight a representative fusion event. Images
taken at 40x air magnification, confocal. Scale bar, 10 pm.

(D) FRAP analyses of SARS-CoV-2 polylC-induced and HCoV-229E constitutive N condensates. Images
are single N condensates representative of each condition. Mean fluorescence intensity plot illustrates
FRAP results for n = 7 condensates per condition. Images taken at 60x oil magnification, widefield.
Scale bar, 1 pm.

(E) Final fluorescence recovery percentage 2 min post-bleach. Data indicates mean + standard deviation
of all seven condensates.
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761  FIGURE 2 - High content phenotypic screening assay to identify modulators of SARS-CoV-2 N
762  condensation.
763  (A) Schematic illustrating the sliding scale of N condensate material properties, adapted from Boeynaems

764 et al., 2018 (1). N can exist in a soluble, diffuse cytoplasmic state, or anywhere along a continuum
765 ranging from liquid-like condensates to more solid gel-like states. These various states are associated
766 with different stages in viral replication such as transcription/replication and virion packaging.
767 Intermolecular interaction strength tunes the material properties of condensates. Molecularly, N (as
768 well as other components of N condensates) are more closely packed as interaction strength
769 increases, leading to the formation and progression of liquid-like condensates to more gel-like
770 aggregates. On a cellular level, liquid-like condensates appear as small spherical puncta, while
771 progression to more gel-like states may result in the formation of larger, more irregularly-shaped
772 aggregates. Small molecules that perturb the material state of N are referred to in this study as ‘pro-
773 condensers’ and ‘condensate inhibitors’.
774  (B) Schematic illustrating the pipeline for the pro-condensation screen to identify N pro-condensation
775 compounds. Cells are seeded, then treated with compounds for 24h before fixing and staining.
776 Representative images show the negative (DMSO) and positive (10uM MS023) controls. Quantification
777 of number of N puncta per cell for controls is illustrated in the chart. Data indicates individual replicates.
778 Images taken at 20x air magnification, widefield. Z’ for the screening assay is calculated as indicated
779 in Methods.
780  (C) Schematic illustrating the pipeline for the N condensate inhibition screen to identify N condensate-
781 inhibiting compounds. Cells are seeded, treated with compounds for 17h, then treated with 1ug/mL
782 transfected polylC for an additional 7h before fixing and staining. Representative images show the
783 negative (DMSO) and positive (10pM salvianolic acid B) controls. Quantification of number of N puncta
784 per cell for controls is illustrated in the chart. Images taken at 20x air magnification, widefield. Z’ for
785 the screening assay is calculated as indicated in Methods.
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FIGURE 3 - GSK3 and proteasome inhibitors promote pan-HCoV N condensation and condensate

hardening.

(A) Scatter plot illustrating SARS-CoV-2 N pro-condensation screening results. Data is represented as
percentage N condensation activity. Data graphed shows both technical replicates. Blue points:
identified compounds that showed N condensation activity greater than two standard deviations from
the mean based on DMSO control percentage activity (see Methods for definition). Validated hit
compounds are annotated on the plot.

(B) Hit compounds classified according to their annotated cellular targets. Images are taken at 40x air
magnification, widefield. Dose response curves indicate fold change in number of N puncta per cell
over DMSO control (fold DMSO) and illustrate mean + standard deviation of duplicates. Scale bar, 10
pm.

(C) Fluorescence images and quantification for A549 SARS-CoV-2 N-EGFP cell lines treated with
400ng/pL Wnt3a for 24h. Graph illustrates mean + standard deviation of duplicates. Images are taken
at 20x air magnification, widefield. Scale bar, 20 pm.

(D) Fluorescence images and western blot quantification for GSK3a, GSK3p and GSK3a/B CRISPR
knockout cell lines illustrating increase in N condensation. Images are taken at 20x air magnification,
widefield. Scale bar, 20 um. Non-targeting: non-targeting sgRNA control.

(E) Fluorescence images of all seven HCoV N-EGFP cell lines treated with 10uM GSK3 inhibitor hit
compounds for 24h. Images are taken at 40x air magnification, widefield. Scale bar, 10 pm.

(F) Left: N condensation EC50s for all seven HCoV N-EGFP cell lines across all seven ATP-competitive
and two non-ATP-competitive GSK3 inhibitors. Right: EC50s for SARS-CoV-2/HCoV-NL63 N
condensation and Wnt signaling as represented by B-catenin activation. B-catenin activation was
measured using a MEF B-catenin-activated luciferase reporter cell line. EC50s shown are
representative of at least two biological duplicate experiments. Auto., autophinib; Laduv., laduviglusib.
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FIGURE 4 - Diverse classes of compounds inhibit SARS-CoV-2 polylC-induced N condensation

(A) Scatter plot illustrating SARS-CoV-2 N condensate inhibition screening results. Data is represented
as percentage N condensate inhibition activity. Data graphed shows both technical replicates. Yellow
points: identified compounds that showed N condensation inhibition activity greater than two
standard deviations from the mean based on DMSO control percentage activity (see Methods for
definition). Validated hit compounds are annotated on the plot.

(B) Hit compounds classified according to their annotated cellular targets. Images are taken at 40x air
magnification, widefield. Dose response curves indicate fold change of humber of N puncta per cell
over DMSO control (fold DMSO) and illustrate mean + standard deviation of duplicates. Scale bar, 10
pm.

(C) Dose response curves illustrating inhibition of stress granule formation and IRF3 activation by various
N condensate inhibitors. Data shown indicates the fold change in average nuclear to cytoplasmic
signal of IRF3 compared to DMSO (left y-axis) and the fold change in number of G3BP1-containing
stress granules per cell compared to DMSO (right y-axis). All data indicate mean + standard deviation
of duplicates.

(D) Representative fluorescence images of SARS-CoV/SARS-CoV-2/HCoV-OC43/MERS-CoV N-EGFP
cell lines treated with 10uM condensate inhibitors 17h followed by 1ug/mL transfected polylC
treatment for an additional 7h. Images are taken at 40x air magnification, widefield. Scale bar, 10 pm.

(E) N condensate inhibition 1C50s for SARS-CoV/SARS-CoV-2/HCoV-OC43/MERS-CoV N-EGFP cell
lines across all four active condensate inhibitors. IC50s shown are representative of at least two
biological duplicate experiments.
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FIGURE 5 - N condensate modulators are antiviral against SARS-CoV-2, HCoV-OC43 and HCoV-

229E

(A) Active compounds from our screens and follow-up assays that have been identified as antiviral across
various HCoV infection models by prior studies.

(B) Antiviral IC50s (from prior studies, where available) and corresponding N condensation EC50s (from
our N condensation assays) for GSK3 inhibitors illustrating a correlation between N condensation
potency and antiviral activity.

(C) Schematic illustrating the tunability of N condensation by small molecules identified in our screens.
GSKS3 phosphorylates all seven HCoV N proteins. ATP-competitive GSK3 inhibitors and Wnt signaling
inhibit N phosphorylation and promote N condensation, with resultant condensates exhibiting
significantly reduced dynamics. Inhibition of one or more host factors involved in SG/IRF3 signaling
pathways by the Bcr-Abl/Src kinase family of inhibitors prevent polylC/RNA-induced N condensation.
In addition, SalB may inhibit polylC/RNA-induced N condensation through different mechanisms such
as the inhibition of host factor(s) that induce N condensation through SG/IRF3-independent
mechanisms, and/or direct interference of N-RNA/polyIC interactions.
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